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Background: The scaffoldin component of the cellulolytic bacterium
Clostridium thermocellum is a non-hydrolytic protein which organizes the
hydrolytic enzymes in a large complex, called the cellulosome. Scaffoldin
comprises a series of functional domains, amongst which is a single cellulose-
binding domain and nine cohesin domains which are responsible for integrating
the individual enzymatic subunits into the complex. The cohesin domains are
highly conserved in their primary amino acid sequences. These domains interact
with a complementary domain, termed the dockerin domain, one of which is
located on each enzymatic subunit. The cohesin–dockerin interaction is the
crucial interaction for complex formation in the cellulosome. The determination of
structural information about the cohesin domain will provide insights into
cellulosome assembly and activity.
Results: We have determined the three-dimensional crystal structure of one of the
cohesin domains from C. thermocellum (cohesin 2) at 2.15Å resolution. The
domain forms a nine-stranded b sandwich with a jelly-roll topology, somewhat
similar to the fold displayed by its neighboring cellulose-binding domain.
Conclusions: The compact nature of the cohesin structure and its lack of a
defined binding pocket suggests that binding between the cohesin and dockerin
domains is characterized by interactions between exposed surface residues. As
the cohesin–dockerin interaction appears to be rather nonselective, the binding
face would presumably be characterized by surface residues which exhibit both
intraspecies conservation and interspecies dissimilarity. Within the same
species, unconserved surface residues may reflect the position of a given
cohesin domain within the scaffoldin subunit, its orientation and interactions with
neighboring domains.
Introduction
Many different cellulolytic bacteria and fungi produce an
extracellular multifunctional protein complex, termed the
cellulosome, which promotes the efficient degradation of
cellulose [1–5]. The cellulosome is composed of two types
of components: hydrolytic and structural. The hydrolytic
components are enzymatic subunits, including various cel-
lulases and hemicellulases. The structural protein which
serves to organize these cellulolytic enzymes into the cel-
lulosomal complex is a non-hydrolytic polypeptide, termed
scaffoldin [6]. 
The cellulosome was first described in the anaerobic ther-
mophile Clostridium thermocellum [1]. In this bacterium, the
~210kDa scaffoldin subunit includes a series of nine
highly similar binding modules, each of about 140 amino
acids, called cohesin domains (Fig. 1) [6,7]. The cohesin
domains function as molecular adapters, binding to a
highly conserved, non-catalytic component (the dockerin
domain), which is usually located at the C terminus in 
each of the catalytic subunits. The dockerin domains are
composed of 60–70 amino acids, including a 25-residue
reiterated sequence [8]. Binding of the cohesin domain to
the dockerin domain is the means by which the cellulolytic
enzymes are incorporated into the cellulosome [9,10]. The
affinity constant of the interaction between one cohesin–
dockerin pair studied was found to be approximately
107 M–1 [11], although one might anticipate a higher affin-
ity on the basis of the stability of the intact cellulosome [2].
The nine cohesin domains of C. thermocellum are all very
similar (Fig. 1c). Cohesins 3 to 8 (numbered according to
their position from the N terminus of the scaffoldin
polypeptide) show greater than 95% identity. Cohesins 4,
5, 6 and 8 show near complete identity and can be con-
sidered ‘consensus’ cohesins. Of the nine sequences,
cohesins 1, 2 and 9 are the most variable: cohesins 2 and 9
show about 75% identity with the consensus cohesins, and
cohesin 1 shows 63% identity. Cohesins 1 and 2 also have
a 3-residue deletion relative to the other cohesins.
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The cohesin domains are separated from each other by
linker segments, which are rich in proline and glycosy-
lated threonine residues [12]. The intercohesin linkers in
C. thermocellum are generally about 22–24 amino acid
residues in length. The scaffoldin polypeptide also has a
single cellulose-binding domain (CBD) [13], which has
been classified on the basis of sequence homology as a
family III CBD [for review see 14]. The scaffoldin CBD, as
opposed to other types of CBD’s serves to target the entire
cellulosome complex to its cellulose substrate [15]. In the
cellulosome of C. thermocellum, the CBD is located between
the second and third cohesin modules. The crystal struc-
ture of this CBD has recently been determined [16].
The organization of the cellulases into the cellulosome
appears to play a crucial role in their particularly high
activity on insoluble forms of cellulose. Understanding the
structural basis for one of the principle interactions in the
cellulosome — binding between the cohesin domain of
scaffoldin and the dockerin domains of the enzymatic sub-
units — is important for understanding both cellulosome
assembly and activity. In addition, the information gained
from these studies will provide insight into a unique type
of modular affinity-based interaction. 
Over 20 different cohesin sequences have been identified
from the cellulosomes of at least three different bacteria
[7,17,18], however, no three-dimensional structures of
cohesin domains have been determined. In this study we
present the X-ray structure of the cohesin 2 domain from
the scaffoldin subunit of the cellulosome of C. thermocellum
and describe the atomic model refined at 2.15Å resolution. 
Results and discussion
Overview
The crystal structure of the cohesin 2 domain of the cellu-
losome of C. thermocellum was determined by the multiple
isomorphous replacement (MIR) method (see the Materi-
als and methods section; Table 1) using two heavy-atom
derivatives. The experimentally derived phases were
further improved by solvent flattening [19] and density
modification [20] and resulted in an electron-density map
into which the starting model was built. The model was
refined against the data to 2.15 Å to a final crystallographic
R value of 19.7% (Table 2). 
The final electron-density map is of high quality (Fig. 2) for
most residues within the cohesin sequence. However, elec-
tron density could not be seen for the first 17 N-terminal
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Figure 1
Organization of the cellulosome of
C. thermocellum and the sequence of the
cohesin 2 domain. (a) Schematic diagram of
the cellulosome from C. thermocellum.
Cohesin domains of the scaffoldin subunit,
shown in yellow, are numbered 1 to 9 in
accordance with their position from the
N terminus. Enzymatic subunits and their
resident dockerin domains are shown in blue.
(b) Sequence of the recombinant 170 amino
acid cohesin 2 fragment used in
crystallization. All lowercase letters are
residues which were not seen in the electron-
density map. These unidentified regions
include the hexahistidine tag, cloning
stretches at the N terminus and a cloning
stretch at the C terminus; residues in
lowercase bold are portions of the adjacent
scaffoldin linker sequences. (c) Comparative
sequence alignment of the nine cohesin
domains from the scaffoldin of
C. thermocellum; regions of secondary
structure are marked and labeled. Residues of
cohesin 2 which are not conserved are
shaded in purple, conservation being defined
as a residue identical or similar to one of the
consensus cohesin sequences (i.e. cohesins













residues and the last 15 C-terminal residues. These unde-
fined regions include a hexahistidine tag, cloning stretches
and adjoining linker regions (Fig. 1b) [21]. In addition, the
terminal portions of some sidechains (Lys7, Arg23, Ser27,
Lys28, Lys92, Lys98, Lys128) do not show electron density
and are probably disordered. The stereochemical quality of
the structure is very good (Table 2) with over 90% of the
amino acid residues in the most favorable regions of a
Ramachandran plot [22] and no outliers. The structure also
includes 24 water molecules. 
Description of the structure
Cohesin 2 is an elongated, conical molecule with approxi-
mate dimensions of 46Å×28Å×21Å (Fig. 3). The topo-
logical motif consists of a nine-stranded b sandwich, which
results from the association of a four-stranded antiparallel
b sheet, and a five-stranded mixed b sheet (Fig. 4). The
two sheets of the sandwich are composed of strands 8,3,6,5
and 9,1,2,7,4, respectively, where b strand 9 (C terminus)
and b strand 1 (N terminus) run parallel, and the remain-
ing strands are all antiparallel. Strand b9 interacts with
both b sheets through hydrogen bonds. Hydrogen bonds
form between b strands 9 and 1 (along the entire length of
b9) and also between b strands 9 and 8 (through the last
few residues of the C terminus). The connection of the
strands is such that cohesin 2 folds in an unusual type of
jelly-roll topology.
At both ends of the molecule the strands are joined by two
tight b turns and two longer irregular loops (Fig. 3). The
1–2 turn is a type II b turn, whereas turns 2–3, 3–4 and 8–9
are all type I b turns [23]. 
The 138-residue structure of cohesin 2 (141 residues for
the consensus cohesins) serves to refine and redefine the
boundaries of this domain within the sequence of the 
scaffoldin subunit. This knowledge has important conse-
quences concerning scaffoldins from other bacteria [18,24].
As a result of the present structure, disordered residues
adjacent to the well defined portion of the protein are now
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Table 1
Data collection and MIR statistics.
Crystal Native I Native II Hg(OOCCH3)2 HgI
Space group C2 C2 C2 C2
Temperature RT RT RT RT
Unit cell dimensions
a 79.51 79.51 79.14 78.86
b 47.86 47.86 47.85 47.82
c 51.13 51.13 51.11 51.16
b 126.77 126.77 127.04 126.85
Internal scaling
Resolution (Å) 30–2.45 30–2.15 30–2.45 30–2.45
Number of crystals 1 3 1 1
Reflections measured 19 228 42 676 17 648 4206
Unique reflections 5752 8276 5445 3041
Completeness (%) (outermost shell) 99.8 (100.0) 97.4 (84.0) 95.3 (95.3) 53.3 (48.0)
I/sI (average) (outermost shell) 26.0 31.5 (3.5) 25.5 18.8




isomorphous difference (%)† 24.6 17.6
Heavy-atom refinement
Phasing power§ 2.87 3.04
Number of sites 1 8
Rcullis‡ 0.45 0.43
*Rsym = Σ | Iobs – Iavg | / Σ Iavg. †Riso = Σ (|FPH |– |FP |) / Σ |FP |. §Phasing power = < FH > / (Σ |FPH(obs) – FPH(calc) |). ‡Rcullis = (Σ || FPH ± FP | – FH |) / (Σ |FPH – FH |).
The overall mean figure of merit was 0.57.
Table 2
Model refinement.
Resolution range (Å) 30.0–2.15
No. nonhydrogen atoms 1324
No. solvent atoms 24
Rcryst* (outermost shell) 0.197 (0.351)
Rfree (outermost shell) 0.219 (0.369)
Root mean square deviations
bond (Å) 0.007
bond angles (°) 1.467
dihedral angles (°) 26.345
impropers (°) 1.056
*Rcryst = Σ || Fobs |(hkl) – | Fcalc |(hkl)| / Σ | Fobs |(hkl).
considered to comprise part of the linker regions (Fig. 1b).
By analogy, the boundaries of all nine cohesin domains of
the scaffoldin subunit from this and from other bacteria
can now be defined.
Aromatic core
The nine b strands of cohesin 2 are assembled around an
extensive aromatic core comprising phenylalanine residues
22, 35, 37, 64, 77, 79, 96, 113, 119 and 131 (Fig. 5). Phe22
and Phe96 are oriented with their aromatic rings approxi-
mately parallel and stack face-to-face in a p–p interaction
with an interplanar distance of 4.39Å. Similarly, Phe113 and
Phe131 stack with an interplanar distance of 3.79Å. The
phenylalanine pairs 22/119, 35/37, 35/113, 37/77, 64/96,
64/77 and 77/96 all form edge-to-face interactions. If we use
the criteria of Burley and Petsko [25], of a centroid-to-cen-
troid interaction distance of less than 7.0Å being significant,
then there are a total of 17 phenylalanine–phenylalanine
interactions. None of the structure’s five tyrosine residues
are involved in interactions within the aromatic core,
however, Phe64 also stacks against Pro51 with an interpla-
nar distance of 4.15Å. An extensive aromatic and hydropho-
bic core is also conserved in family II CBDs [14,26].
Crystal contacts and crystallographic dimers
In space group C2 each cohesin 2 molecule packs with the
long dimension of the molecule aligned roughly in the
direction of a face diagonal. There is one molecule per
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Figure 2
Stereoview of the electron density in the
region of strands b1, b9 and b8 near the
C terminus, providing an example of the
quality of the 2|Fo|–|Fc| map at a contouring
level of 1s.
Figure 3
The structure of cohesin 2. (a) Schematic ribbon diagram of the overall three-dimensional structure of cohesin 2. (b) Stereoview of the Ca
backbone with the N and C termini labeled; every tenth residue has been numbered. The view is the same as in (a). (The figures were generated
using the programs MOLSCRIPT [46] and RASTER3D [47].)
asymmetric unit, however, crystallographic symmetry gen-
erates a crystallographic dimer which has a highly com-
plementary interface with a number of intermolecular 
salt bridges, hydrogen bonds, and hydrophobic interac-
tions being formed. The molecular surface buried upon
dimerization is 1407Å2, within the established criteria for
biologically relevant complexes [27] (Fig. 6). This dimer
suggests a mode of interaction between neighboring
cohesin domains in the cellulosome. 
The molecules pack so that the intermolecular interactions
in the dimer take place mainly via residues located on the
four-stranded 8,3,6,5 face. Residues Tyr69, Asp71 and
Arg72 (located on the 5–6 turn and b strand 5) form salt
bridges and hydrogen bonds with residues Asp34, Lys28,
Asp114 and Glu115 (located on the 2–3 turn and b strand 6)
on the symmetry-related molecule. Additional salt bridges
are formed between residues Lys62 and Asp82 which are
located on the 4–5 and 6–7 loops, respectively, and the
complementary residues (Asp82′ and Lys62′, respectively)
on the symmetry-related molecule. Hydrophobic inter-
actions are also made between Ile74 and the symmetry-
related Ile74′ and between Leu78 and Leu78′, both
residues are located on b strand 6. All the residues listed
above which are involved in this dimer formation are con-
served throughout the nine different cohesin sequences of
this bacterium. This observation suggests the possibility
that such a dimer can form between any pair of this family
of domains (Fig. 1c).
Intramolecular hydrogen bonds
In addition to the hydrogen bonds associated with the sec-
ondary structure elements, a large number of hydrogen
bonds are formed between charged sidechain groups and
the mainchain nitrogens. Some of these hydrogen bonds
occur across b strands, but most are found in the loop
regions. A striking example of this is seen in the 6–7 loop,
consisting of residues 81–93. Residues Glu81 and Ser83
form an extensive hydrogen-bonding network with the
mainchain nitrogens in this region making bonds to main-
chain nitrogen atoms of residues Ser83, Gly84, Thr85,
Gly86 and Tyr88. Slightly longer hydrogen bonds are
made in this region by Thr85 to mainchain nitrogen atoms
of residues Gly86 and Ala87. Such bonding is seen in
seven of the eight loops in the molecule, the exception
being turn 5–6 (Table 3 catalogs these interactions by
location). The water molecules included in the structure
are all involved in hydrogen bonding to residues on the
surface of the molecule; no structural water molecules are
seen in the core of the molecule.
Comparison with other protein structures
A structure-based alignment of the three-dimensional
structure of cohesin 2 with the known database of protein
structures [28] reveals a remarkably close relationship with
the bacterial family II CBD of the exo-1,4-b-D-glycanase
(CexCBD) from Cellulomonas fimi [26]. The CexCBD struc-
ture adopts a similar jelly-roll topology (Fig 4), the excep-
tion being that b strand 9 in the cohesin 2 domain crosses
over to the other sheet and runs in a parallel rather 
than antiparallel direction to its neighboring b strand
(b strand 1). 
In addition to the topological similarities, cohesin 2 and
CexCBD share a number of similar structural features. One
of these is the conservation of the aromatic core, which is
structurally conserved in the family II CBDs [14,26,29]. 
Perhaps even more remarkable is that cohesin 2 also
shows similarity to the family III CBD from the same
scaffoldin protein (Fig. 4) [16]. In the cellulosome, the
cohesin 2 domain and the CBD are adjacent, but have no
significant primary sequence similarity [7,13]. Despite
the larger size of the CBD and the addition of some short
b strand regions outside the main sheet structure, the
two proteins have the same overall topology, with the
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Figure 4
Topology diagram of the cohesin 2 domain
(blue) compared to those of both family II
(orange) and family III (green) CBD’s;






































exception that b strand 9 of cohesin 2 runs parallel rather
than antiparallel to the neighboring b strand. 
Possible interactions of cohesin 2
Thus far, cohesin domains have been isolated or cloned
from the three bacteria, C. thermocellum, Clostridium cel-
lulovorans and Clostridium cellulolyticum [18,21,30]. The
cohesin domain appears to function mainly by association
with dockerin domains, which are attached to a catalytic
domain to form an enzymatic subunit of the cellulosome. 
The cohesin–dockerin interaction appears to be nonselec-
tive or of low selectivity [31,32]. At least 12 dockerin-con-
taining polypeptides have been found in C. thermocellum,
whereas the scaffoldin subunit contains only nine cohesin
domains as identified by DNA sequencing [7]. It follows
that individual dockerin-bearing polypeptides cannot be
assigned to a unique cohesin domain and that the cellulo-
somes are heterogeneous with respect to the composition
of their enzymatic subunits. Additional evidence that the
cohesin domain exhibits only low levels of binding speci-
ficity for a defined dockerin domain is that no preferential
neighborhood relationship could be revealed between the
catalytic components by cross-linking experiments [5].
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Table 3
Intramolecular hydrogen bonds within loops and turns.
Sidechain Mainchain Distance (Å) Location
Thr14 Og1 Ser11 N 2.84 1–2 turn
Ser27 Og Lys28 N 3.25 2–3 turn
Asp40 Od1 Pro41 N 3.30 3–4 turn
Asp40 Od1 Asn42 N 3.02 3–4 turn
Asp57 Od1 Pro58 N 2.96 4–5 loop
Asp57 Od1 Asn59 N 2.90 4–5 loop
Glu81 Oε1 Gly84 N 3.23 6–7 loop
Glu81 Oε1 Gly86 N 2.89 6–7 loop
Glu81 Oε2 Ser83 N 2.73 6–7 loop
Glu81 Oε2 Tyr88 N 3.17 6–7 loop
Ser83 Og Gly84 N 2.94 6–7 loop
Ser83 Og Thr85 N 3.16 6–7 loop
Thr85 Og1 Gly86 N 3.41 6–7 loop
Thr85 Og1 Ala87 N 3.43 6–7 loop
Ser105 Og Ser106 N 2.95 7–8 loop
Ser106 Og Ala107 N 2.98 7–8 loop
Asp121 Od1 Asp123 N 3.01 8–9 turn
Asp121 Od1 Val125 N 3.00 8–9 turn
Figure 6
The crystallographic dimer of cohesin 2. CPK model of the cohesin 2
crystallographic dimer which is formed by the C2 symmetry of the unit
cell viewed nearly perpendicular to the crystallographic dyad. The
molecular surface excluded upon dimerization is 1407 Å2 and the
interaction is stabilized by numerous salt bridges, hydrogen bonds and
hydrophobic interactions. (The figure was generated using InsightII
[Biosym. Molecular Simulations].)
Figure 5
The aromatic core of cohesin 2. View of the Ca backbone of cohesin 2
(shown in purple) with the phenylalanine residues drawn as ball-and-
stick models (in blue). The figure shows the extensive aromatic core
and phenylalanine interactions. The molecule is viewed approximately
down the b sandwich, between the two b sheets. (The figure was
produced using the programs MOLSCRIPT [46] and RASTER3D [47].)
Binding experiments have shown that both cohesin 2 and
cohesin 3 of the cellulosome of C. thermocellum, which have
only 75% identity, interact with dockerin domains of
nearly all of the enzymatic subunits with similar overall
affinity [31]. It is therefore assumed that the cohesin–
dockerin interaction takes place via a conserved region of
the molecule. 
The cohesin–dockerin interaction has been shown to be
Ca2+ dependent [31,33], however, neither the structure 
of the dockerin domain nor the details of its interaction
with the cohesins are known. No Ca2+ was found in the
cohesin 2 structure. This might be because Ca2+ was not
added in the final crystallization conditions, although if
there were a strong Ca2+-binding site the ion might have
been retained by the protein during purification [13,16].
Examination of the cohesin 2 structure reveals no obvious
Ca2+-binding motif. On the other hand, part of the reiter-
ated sequence of the dockerin domain is equivalent to the
Ca2+-binding loop of the EF-hand motif found in various
proteins, for example calmodulin and troponin [34]. It 
is therefore possible that the Ca2+ dependence of the
cohesin–dockerin interaction is associated with the struc-
ture of the dockerin domain; preliminary affinity blotting
experiments support this premise [31].
The solvent-accessible surface of the cohesin 2 domain is
devoid of any obvious binding pocket or cleft. Mapping of
the significant nonconserved sequence substitutions onto
the surface [35] clearly shows that these residues are clus-
tered, forming a patch on the five-stranded 9,1,2,7,4 sheet
(Fig. 7a,b). The three-residue deletion in cohesins 1 and 2
also occurs in a highly unconserved region (i.e. the loop
between strands 7 and 8). 
The unconserved regions of the cohesins may be involved
in secondary interactions among scaffoldin components
(e.g. the CBD and linker segments) and not related to
dockerin binding. These regions could also be related to
the unique position of individual cohesins within the scaf-
foldin subunit (i.e. cohesins 1, 2, 3 and 9). Such interac-
tions may modulate the packing of the cohesins within the
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Figure 7
The molecular surface of cohesin 2. (a) Stick
figure and molecular surface of cohesin 2 with
the conserved residues (cyan) and
nonconserved residues (magenta) mapped to
the surface. The view looks down the
b sandwich, in the gap between the two
b sheets. (b) View orthogonal to (a), looking
roughly down on the five-stranded 9,1,2,7,4
b sheet; residues are colored as in (a). Stick
figures in (a) and (b) are provided for residue
identification and to facilitate orientation.
(c) View rotated 180° from view (b) (i.e.
roughly looking down onto the four-stranded
8,3,6,5 b sheet). The molecular surface is
color-coded by electrostatic potential: red,
negative; blue, positive. (d) Mapping of
residues on the cohesins of C. thermocellum
which are dissimilar to the cohesin domains
derived from C. cellulolyticum and
C. cellulovorans. The view of the molecule is
the same as that in (c). The molecular surface
is color-coded: residues in green and yellow
are not conserved following interspecies
sequence comparison; residues in yellow are
those in the current molecule that are also
involved in dimer interactions. (Figures 7a–c
were generated using the program GRASP
[35]; Figure 7d was generated using the
program InsightII [Biosym. Molecular
Simulations].)
cellulosome structure and may participate in conforma-
tional changes which have been suggested to take place
upon binding to cellulose [36–38].
The loop regions, and in particular loops 4–5 and 6–7, are
totally conserved in all of the nine cohesins of the scaf-
foldin subunit. These regions are of particular interest, as
their structures appear to be very well defined, due to the
extensive buttressing hydrogen-bond network described
above. Mapping of the electrostatic potential to the mol-
ecular surface [35] reveals that a conserved region of the
molecule, the four-stranded 8,3,6,5 face and the loops 4–5,
6–7 and 2–3, has significant negative potential associated
with it (Fig. 7c). 
In view of the apparent lack of specificity in the cohesin–
dockerin interaction, it is tempting to propose a role for the
conserved areas of the cohesins (e.g. loops 4–5 and 6–7)
that would be related to their dockerin-binding function.
Interestingly, these same areas are not conserved among
the cohesins derived from C. cellulovorans and C. cellu-
lolyticum. Preliminary evidence (EAB, RL, YS, S Pagès, JP
Belaich and A Belaich, unpublished results) indicates a lack
of recognition between the C. thermocellum cohesins and the
dockerins derived from other species. Consequently, non-
conservation among cohesin residues between species
would presumably indicate surface regions which may
interact with the dockerins. In this context, interspecies
comparisons indicate clusters of such dissimilar surface
residues on the 4–5, 5–6 and 6–7 loops and b strand 5
(Fig. 7d). Further evidence regarding the residues respon-
sible for dockerin binding may be provided by modeling
experiments using the cohesin structure presented here
combined with a predicted dockerin structure. Final confir-
mation of the cohesin–dockerin interaction at the atomic
level will be provided by a three-dimensional structure of a
complex comprising the two cellulosomal domains. 
Biological implications
In many cellulolytic microorganisms, the organization 
of various enzymatic subunits into cellulosome com-
plexes is thought to promote their particularly efficient
hydrolysis of recalcitrant cellulosic substrates. A special
type of cellulosomal scaffolding subunit contains multi-
ple copies of cohesin domains in a single polypeptide,
which function by binding tightly to complementary
dockerin domains borne by each of the enzymatic sub-
units. The cohesin–dockerin interaction is thus the for-
mative element which defines cellulosome assembly.
Insight into the molecular basis of this interaction is
crucial towards understanding the overall structure and
function of the cellulosome.
The structure of the cohesin 2 domain from Clostridium
thermocellum described here, is the first structure to be
reported for a member of the highly conserved family 
of cohesin domains. As such, the structure provides a
model for other cohesin domains from this and other
bacteria and fungi. Our purpose in studying the cohesin
domain is to understand how its structure correlates with
its binding affinity for the various dockerin domains.
The structure of the dockerin domain is not yet known
so we can only speculate about the portion (or portions)
of the cohesin molecule which may be important for
dockerin binding. The lack of an obvious binding pocket
or groove suggests that the interaction is surface-medi-
ated. In addition to the primary dockerin-binding func-
tion of the cohesin domain, other parts of its surface
structure may be involved in a variety of intra- and
intersubunit interactions, which could play a role in the
efficient degradation of cellulose by the cellulosome. 
Materials and methods
Protein purification and crystallization
A 21 kDa 170 amino acid recombinant protein, consisting of the
cohesin 2 sequence from C. thermocellum, short segments of the
adjoining linker regions and a hexahistidine tag at its N terminus, was
overproduced in Escherichia coli and purified as described previously
[21]. The protein was stored at 4°C at a concentration of 1–5 mg ml–1
in 50 mM MES, pH 7.0 and 0.20 M NaCl. Details of the crystalliza-
tion have been reported [39]. Briefly, monoclinic crystals were grown
by vapor diffusion at 19°C against 28% polyethylene glycol (PEG)
6000, 0.75 M LiCl, 0.1 M Tris-HCl (pH 8.6). Typical monoclinic crystals
grew in about two weeks, as prisms with maximum dimensions of
0.3 × 0.2 × 0.2 mm. The space group is C2 with unit cell dimensions
a = 79.51 Å, b = 47.86 Å, c = 51.13 Å, b = 126.77° and one molecule
per asymmetric unit.
Data collection
The crystals were mounted in sealed glass capillaries, and X-ray diffrac-
tion data were collected using an RAXIS-IIc detector system (equipped
with blue image plates) mounted on a Rigaku FR-C rotating anode
(CuKa, focal cup 0.1 × 0.1 mm, 50 kV, 55 mA) equipped with focusing
mirrors. A rotation angle of 1.5° was used for each exposure. Data
were collected at room temperature. All data were processed using the
programs DENZO and SCALEPACK [40,41]. All subsequent data pro-
cessing was done using programs from the CCP4 suite [42]. The data
collection and MIR statistics are summarized in Table 1.
Heavy-atom derivatives and phasing
Crystals for heavy-atom derivatives were soaked in either 1 mM mer-
curic acetate for 24 h or 1 mM mercurous iodide for 48 h. The mercuric
acetate gave a single mercury site as determined by isomorphous dif-
ference Patterson maps. The phases from the mercuric acetate site
were used to determine the location of the eight heavy-atom sites in the
mercurous iodide derivative by isomorphous difference Fourier synthe-
sis. The program MLPHARE [40,42] was used for heavy-atom refine-
ment and phasing.
Model building and initial refinement
An MIR map from data between 30.0Å and 2.45Å was calculated and
improved by several cycles of solvent flattening [19] and various density
modification methods [20]. The resultant map was of high quality with
b strands and loops that were clearly discernible. An approximate Ca
trace was built using the BONES option of the program  O [43]. The
model was then converted into polyalanine chain containing a total of
136 residues. Using the known amino acid sequence of cohesin 2
[7,21] and the Hg atom position as a marker for the single cysteine
residue, the Ca positions improved and sidechains were built (at
2.45 Å).
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All refinement was carried out with the program X-PLOR [44] using
simulated annealing and energy minimization. The starting R factor was
44.4% and the Rfree, which was calculated with 500 reflections which
were omitted from the refinement [45], was 44.9%. After one round of
refinement the crystallographic R factor converged to 30.8% and the
Rfree was 36.2%. 
Model rebuilding and final refinement
Cycles of model rebuilding were performed using 2|Fo|–|Fc| and
|Fo|–|Fc| electron-density maps followed by simulated annealing slow-
cool refinement (15–2.45 Å). At this stage the high-resolution limit of
the data set was extended from 2.45 to 2.15 Å and group B factors
were also refined. Again, a cycle of manual rebuilding was followed by
simulated annealing slow-cool refinement. At this stage the bulk solvent
option in X-PLOR was applied, and the model was refined against all
data from 30–2.15 Å. The missing residue (Gly24) was now visible in
the electron-density maps and was added to the model as well as one
additional residue (Val138) at the C terminus. During the final stages of
refinement, water molecules were inserted into the model only if there
were peaks in the |Fo|–|Fc| electron-density map with heights greater
than 3s, if they were within hydrogen-bonding distances from appropri-
ate atoms and if their placement caused an improvement in the Rfree.
Using these criteria, only 24 water molecules could be placed, despite
the high quality of the electron-density maps. Individual atomic temper-
ature factors were refined.
The final crystallographic R factor for all data between 30 Å and 2.15 Å
is 0.196 with an Rfree of 0.220. There are 138 amino acid residues in
the model and 24 water molecules. A portion of the 2|Fo|–|Fc| final elec-
tron-density map (at 2.15 Å resolution and contoured at 1.0s) is shown
in Figure 2. The first 17 residues from the N terminus and 15 residues
from the C terminus are not seen. These undefined regions include the
hexahistidine tag and cloning stretches as well as portions of the
proline/threonine-rich linker regions, as described previously [21]. The
stereochemical quality of the final model is good, with a root mean
square deviation from ideality in bond lengths of 0.007 Å and in bond
angles of 1.506°. The average temperature factor for all atoms is 40 Å2.
It should be noted that if the bulk solvent correction is not applied and
refinement is done using only the data between 6.5 to 2.15 Å, the
average temperature factor drops significantly to 31 Å2. All mainchain
torsion angles are within permitted regions of the Ramachandran plot.
Accession numbers
Coordinates have been deposited in the Protein Data Bank with acces-
sion number 1ANU.
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